Epitaxially grown isotopically enriched Si layers have been used to study self-diffusion in Si directly at the temperatures of 1000 and 1100°C. We obtain equilibrium diffusion coefficients in accordance with previous experiments and theoretical calculations. Comparison of diffusion data of self-, antimony, and phosphorus diffusion in Si under identical conditions of perturbed self-interstitial and vacancy concentrations created by surface reactions enables us to determine the microscopic mechanisms of Si self-diffusion. We find that, in this temperature range, self-interstitials contribute roughly 2/3 to Si self-diffusion, and vacancies 1/3, with the concerted exchange component being less than 14%. This constitutes direct experimental evidence that, on the atomic scale, self-diffusion in Si is mediated both by self-interstitials and vacancies. © 1998 American Institute of Physics. ͓S0003-6951͑98͒04538-0͔
Self-diffusion in silicon can be regarded as the limiting case of dopant impurity diffusion in which the diffusing atoms carry no excess charge and introduce no lattice distortion. Despite many years of research, there has been a growing debate about which microscopic mechanism dominates Si self-diffusion. Theoretical calculations have shown that three possible mechanisms, namely self-interstitial ͑I͒, vacancy ͑V͒, and concerted exchange ͑CE͒, have comparable activation energies and entropies. [1] [2] [3] [4] [5] [6] This means that the experimentally observed diffusion constant under equilibrium conditions ͑i.e. under conditions in which native point defect concentrations are at their thermal equilibrium values͒ can be fitted by a single effective activation energy and entropy, disguising any information about its microscopic components. Indeed, all previous experimental data exhibit Arrhenius behavior
with an activation energy Q in the range 4-5 eV. 7, 8 Therefore, arguments based on experimental data for or against a certain mechanism have relied on indirect evidence mostly from interpretations of heavy metal or dopant impurity diffusion in Si. The short half life of the radioactive 31 Si tracer has limited direct measurements of self-diffusion to temperatures near the melting point.
In this letter, we report direct measurements of Si selfdiffusion using isotopically enriched Si layers. We observe diffusion under nonequilibrium conditions by selectively perturbing the concentrations of self-interstitials and vacancies using well-studied surface reactions. A comparison of results for self-diffusion and for phosphorus and antimony diffusion in Si obtained under identical conditions enables us to determine bounds on the relative contributions of the three possible mechanisms of self-diffusion in Si. Due to the simple but direct nature of our experiment, we are able to arrive at strong conclusions without making many of the assumptions used in earlier work.
Three structures were fabricated for this experiment. The first is a Si isotope structure grown by chemical vapor deposition with a surface layer of roughly 300 nm containing the three stable isotopes of silicon in their natural relative abundances, and a buried layer heavily depleted in 29 Si and
30
Si. For example, the 30 Si fraction was reduced from a natural abundance of 3.10% at the surface to 0.002% at the buried layer. The other two were P and Sb structures fabricated by ion implantation followed by a drive-in inert anneal at 1100°C for 5 h, and epitaxial growth of intrinsic silicon to form the surface layer.
It has been well accepted that P diffuses by a selfinterstitial mechanism, whereas Sb diffusion is almost exclusively vacancy mediated. 8 The choice of these dopants representing two extreme cases is crucial in obtaining close bounds on the contributions of the various mechanisms to Si self-diffusion. These three structures were then annealed in a furnace in inert ͑100% Ar͒, nitridizing ͑100% NH 3 ), and oxidizing ͑100% O 2 ) ambients at 1100 and 1000°C for 1 and 5 h, respectively. It has been well established that thermal nitridation of the surface injects vacancies into the bulk, whereas oxidation results in self-interstitial injection. 8 A comparison of inert anneal diffusion results to those of oxidation and nitridation enables us to arrive at conclusions regarding the microscopic mechanisms of diffusion. Such resulting diffusion profiles of 30 Si, P, and Sb were obtained by secondary ion mass spectroscopy ͑SIMS͒. SIMS analysis for 30 Si was performed with a mass resolution greater than 3500, enabling 30 Si to be distinguished from 29 Si-H, at a sputtering rate of 5 Å/s using an 8 keV O 2 ϩ primary beam. For P and Sb, a Cs ϩ beam was used with an energy of 14.5 keV and a sputtering rate of 20 and 8 Å/s, respectively. The self, P, and Sb diffusion coefficients at each temperature were then extracted by taking the as-grown profile, and using 9 a process simulator, to numerically diffuse it until a match was achieved with the SIMS profile after annealing. The best a͒ Electronic mail: antural@leland.stanford.edu APPLIED PHYSICS LETTERS VOLUME 73, NUMBER 12 21 SEPTEMBER 1998 fit was determined by minimizing the root-mean-square error. Effects of furnace temperature ramp up and down periods were properly taken into account. Figure 1 shows the SIMS profiles and simulation fits of the 1000°C 5 h anneals for 30 Si, P, and Sb under inert, nitridizing, and oxidizing ambients. Corresponding plots for the 1100°C anneals exhibit the same general trends. It can be seen from these figures that simulation results show good fits to the experimental data. The extracted equilibrium ͑inert ambient͒ diffusion coefficients for P and Sb agree well with previous work. 8 From Fig. 1͑b͒ , it is evident that P diffusion is retarded during nitridation and enhanced by oxidation. The opposite is true for Sb. These results are in accordance with earlier work, and as mentioned above, show that P diffuses mainly by a self-interstitial mechanism, whereas Sb diffusion is vacancy mediated. The equilibrium self-diffusion coefficients agree well with the values in the literature, including the very recent work using similar isotopically controlled structures. 7, 8, 10 The fact that self-diffusion is enhanced by both vacancy and self-interstitial injection gives the first clear hint that Si self-diffusion has non-negligible vacancy and self-interstitial components. Indeed, if either one of the point-defect mechanisms were solely dominant, a retardation in diffusivity would have been observed when the opposite type of defect is injected. On the other hand, if the exchange mechanism were dominant, perturbing the point defect concentrations as above, would not have any effect on the self-diffusion coefficient.
It is possible to obtain more quantitative information about the contribution of each of the three mechanisms by noticing that diffusivity enhancement or retardation that occurs under nonequilibrium concentrations of point defects can be written as
In Eq. ͑2͒, A represents the diffusing species (AϭSi, P, or Sb͒, and f AI , f AV , and f AE are the self-interstitial, vacancy, and CE fractions, respectively, of A diffusion under equilibrium conditions. The superscript eq denotes equilibrium values. The diffusivity ratios on the left-hand side are the experimentally measured quantities. The ratios involving the point defects on the right-hand side are a measure of the supersaturation or undersaturation of I and V under nonequilibrium. The only assumption made leading to Eq. ͑2͒ is that for dopants P and Sb, local chemical equilibrium between dopant-defect pairs and native point defects holds. In reality, the point defect concentrations during surface reactions, and therefore the diffusivity ratios are all functions of time. The quantities measured at the end of the experiment are thus time and space averaged values. The fractions f are constants at a fixed temperature. Furthermore, they are normalized by definition, i.e., f AI ϩ f AV ϩ f AE ϭ1. The ratio of the diffusivity under oxidation ͑self-interstitial injection͒ to that under inert annealing gives one equation of the form Eq. ͑2͒ for each of the species ͑Si, P, and Sb͒. Similar equations are obtained for nitridation ͑va-cancy injection͒. As a result, our experiment can be described by an underdetermined system of six equations of the form Eq. ͑2͒ with eight unknowns. The CE fraction of Si self-diffusion, f SiE is included as one of the unknowns, whereas, f PE and f SbE are assumed to be zero. The six measured diffusivity ratios, each of which appear on the lefthand side of one of the six equations in the system are tabulated in Table I for the temperatures 1000 and 1100°C. The ratios obtained for P and Sb are within the range of those reported previously in the literature. 8, 11 We make no assumptions about the self-interstitial and vacancy fractions of P and FIG. 1. Diffusion profiles of 1000°C, 5 h anneals under inert, oxidizing, and nitridizing ambients for ͑a͒ 30 silicon ͑b͒ phosphorus ͑c͒ antimony. The solid lines are the actual SIMS profiles measured, whereas the symbols show the simulation best fits used for extracting diffusivity enhancements or retardations. The as-grown profile for each case is also given for reference.
Sb, nor about the supersaturation or undersaturation levels of I and V resulting from oxidation or nitridation. We only use the following conservative bounds on the nonequilibrium point defect ratios: For oxidation, C I /C I eq у1 and 0рC V /C V eq р1, whereas for nitridation, C V /C V eq у1 and 0рC I /C I eq р1. Allowing for Ϯ5% error in the measured diffusivity ratios, it is possible to solve the resulting system of six equations in eight unknowns subject to the above inequalities. The solution was found using AMPL, a mathematical programming tool. 12 We get the following bounds for the fractional contribution of the three mechanisms to self-diffusion: Each of the terms contributing to the sum in Eq. ͑2͒ has an exponential dependence on temperature of the form Eq. ͑1͒. Therefore, even if we assume the activation energy for the CE mechanism is 0.5 eV more than those of the two point-defect mechanisms, 3, 4 we arrive at the result that if f SiE Ͻ0.11 at 1000°C then at 1100°C f SiE Ͻ0.14. If we resolve the abovementioned system of equations using this stricter bound on f SiE , we arrive at the result at 1100°C: 0.48р f SiI р0.71, 0.21р f SiV р0.43, 0р f SiE р0.14.
These bounds present direct experimental evidence that, in the temperature range 1000-1100°C, Si self-diffusion is mediated roughly 1/3 by vacancies, and 2/3 by selfinterstitials, with the concerted exchange mechanism contributing less than 14%. This result is in agreement with theoretical calculations predicting comparable activation energies for the two point-defect mechanisms. It also quantifies the qualitative observation we made earlier that both vacancy and self-interstitial injection enhances self-diffusion.
In conclusion, we have utilized epitaxially grown isotopically enriched structures to measure the self-diffusion coefficient in silicon directly at 1000 and 1100°C. By comparing Si self-diffusion to that of a mainly self-interstitial diffuser dopant, P, and a mainly vacancy diffuser, Sb, under nonequilibrium conditions of point defects, we have obtained and quantified the direct experimental evidence for a dual vacancy-interstitial mechanism of self-diffusion in Si.
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